ABSTRACT -The Seed Analysis System (SAS) is used in the image analysis of seeds and seedlings, and has the potential for use in the control of seed quality. The aim of this research was to adapt the methodology of image analysis of maize seedlings by SAS, and to verify the potential use of this equipment in the evaluation of the physiological potential of maize seeds. Nine batches of two maize hybrids were characterised by means of the following tests and determinations: germination, first count, accelerated ageing, cold test, seedling emergence at 25 and 30ºC, and speed of emergence index. The image analysis experiment was carried out in a factorial scheme of 9 batches x 4 methods of analysis of the seedling images (with and without the use of NWF as substrate, and with and without manual correction of the images). Images of the seedlings were evaluated using the average lengths of the coleoptile, roots and seedlings; and by the automatic and manual indices of vigour, uniformity and growth produced by the SAS. Use of blue NWF afffects the initial development of maize seedlings. The physiological potential of maize seeds can be evaluated in seedlings which are seeded on white paper towels at a temperature of 25 °C and evaluated on the third day. Image analysis should be carried out with the SAS software using automatic calibration and with no correction of the seedling images. Use of SAS equipment for the analysis of seedling images is a potential tool in evaluating the physiological quality of maize seeds.
INTRODUCTION
Maize is a very important crop for the economy, being the cereal which is most produced in the country (CONAB, 2013) . Investment in technologies to ensure high productivity, including the use of high-quality seeds, is extremely profitable for the producers of the cereal.
Seed quality is guaranteed by minimum standards, which are required for the certification process. The physiological potential of batches is evaluated using the results of germination testing (BRASIL, 2013) which, although standardised, does not always reflect the behaviour of seeds in the field.
More sensitive tests, such as those of vigour, can identify less advanced stages of seed deterioration, and can facilitate decisions on the fate or disposal of batches. One of the limitations on the use of these tests is related to the time needed to carry them out and the subjectivity in their evaluation.
Techniques of image analysis, used to assess images of seedlings, can minimise these limitations if adapted to different plant species. Software, such as the Seed Vigour Imaging System (SVIS) developed by Ohio State University (OSU) to evaluate the vigour of lettuce seeds (SAKO et al., 2001) , has been used effectively in species of large crops, such as maize ( In Brazil, the Seed Analysis System (SAS), recently developed by Tbit Tecnologia e Sistemas, and used to evaluate the physical and physiological quality of seeds, is now available on the market. Evaluation is made by means of highresolution images, which allow the extraction of information on colour, texture and geometry, besides providing indices for growth rates and uniformity of the seedlings. SAS shows promise in evaluating the physiological potential of seeds, but there is no research to prove its efficiency in species such as maize. The aims of this research were to adapt a methodology for analysing images of maize seedlings using SAS, and to verify the capacity of this equipment in evaluating the physiological potential of maize seeds.
MATERIAL AND METHODS
Eighteen batches of maize seeds were used of differing physiological quality, consisting of nine batches (1-9) of Hybrid 1, and nine batches (A-I) of Hybrid 2, both supplied by Dow AgroSciences Industrial Ltda. The research was carried out at the Central Laboratory for Seed Analysis of the Federal University of Lavras (UFLA), and at Tbit Technologies and Systems in Lavras, in the state of Minas Gerais (MG), from February, 2012 to December, 2013.
The experiment was conducted in a completely randomised design employing a 9 x 4 factorial scheme for each hybrid under evaluation; 9 batches of maize seeds and 4 methods of image analysis (with and without a coloured substrate and with and without image correction). Four replications of 50 seeds were used in tests for characterisation of the batches, and eight replications of 25 seeds for the methods of image analysis. To analyse the data, means comparison was used (Scott Knott test at 5% significance), employing the Sisvar software.
Characterisation of the batches
Water content was determined by the oven method at 105 °C ± 2 °C for 24 hours (BRASIL, 2009), using 2 replications of 5 g of seed per treatment. The results were expressed as a percentage.
The germination test was carried out with four replications of 50 seeds per batch. Rolls of paper towels were used as the substrate, moistened with distilled water equivalent to 2.5 times the dry weight of the paper. The rolls were kept in a seed germinator at a temperature of 25 ± 2 °C, with readings being taken on the fourth (first germination count) and seventh day after sowing (BRASIL, 2009) . The results were expressed as a percentage.
The accelerated ageing test was carried out using plastic germination boxes (AOSA, 2009). The seeds for each treatment were distributed over a single layer, and 40 ml of distilled water placed in the bottom of the box. The boxes were covered and kept in a BOD germinator set at 42 ± 2 °C for 96 hours; the germination test was then performed. A single reading was taken on the seventh day after sowing, and the percentage of normal seedlings was calculated.
Four replications of 50 seeds were used in the cold test for each treatment. The seeds were sown in plastic trays with a substrate composed of a mixture of earth and sand in the ratio of 2:1, moistened with 60% of its water retention capacity. After sowing, the boxes were kept in a cold chamber at 10 °C ± 2 °C for 7 days and subsequently placed into a plant growth chamber at 25 ± 2 °C for 7 days, when a count of emerged seedlings was taken. The results were expressed as a percentage.
The tests for seedling emergence were carried out at temperatures of 25 to 30 °C. For each test, four replications of 50 seeds were used per treatment. The seeds were sown Image analysis in the evaluation of the physiological potential of maize seeds in a compound substrate mixture of soil and sand in the ratio of 2:1, moistened with 60% of its water retention capacity. Readings were taken every day to calculate the Speed of Emergence Index (SEI), counting the number of emerged seedlings that day. The final reading was taken on the 15th day, when seedling emergence stabilised. The results were expressed as a percentage of emerged seedlings.
Image analysis methodology using SAS
To obtain images of the seedlings, germination tests were carried out on a paper towel substrate, with and without the addition of a substrate of blue, non-woven fabric (NWF), in a roll moistened with water equivalent to 2.5 times its weight. Eight replications of 25 seeds per treatment were used for each test. Blue-coloured NWF was used to enable greater contrast between the roots and the substrate. Seeds were distributed in two rows (one in the upper part, and one in the middle third of the paper) and arranged with the scutellum exposed and the radicle facing the bottom of the paper. The rolls were then placed in a seed germinator set at 25 °C ± 2 °C for three days, when the images were captured.
Image capture in both germination tests was done with a professional, high-resolution camera contained in the collection chamber of the SAS equipment. Colour calibration of the background used the CIELab colour model, with a luminosity of 0 to 100, dimension "a" of -120 to 120, and dimension "b" of -120 to -30. Image capture of the seedlings without the NWF substrate was done by carefully removing the seedlings from the substrate and placing them in the tray contained in the collection chamber of the SAS; the roll of paper towels with the NWF was opened directly into the tray to capture the images.
Automatic calibration of the formula for vigour using SAS was done using multivariate regression, which relates the value of the cold test, used as default, to the value for the vigour index calculated by the equipment. A calibration was performed for each hybrid. The results for the weight of the parameters contained in the formulas described below (equations 1, 2 and 3) were defined for each calibration. where: l h and l r = means for the sample of the lengths of the hypocotyl and root; s h , s r , s total e s r/ h = standard deviation of the of hypocotyl length, root length, total length, and of the root to hypocotyl ratio; p G e p U = parameter weight for growth and uniformity; w = parameter weight.
Growth
All the images were subsequently reanalysed using two calibrations for each hybrid: automatic calibration using SAS and manual calibration. For manual calibration, the same weights were used for the parameters as in the SVIS software (Table 1) ; the values for the weight of growth and uniformity were 70 and 30% respectively. After reanalysis, the average values for root, coleoptile and seedling length were recorded together with the vigour indices; for the images reanalysed by manual calibration, the growth and uniformity indices were also noted.
RESULTS AND DISCUSSION

Characterisation of the batches
The values obtained in determining the water content of the nine batches of each hybrid were similar, with there being a variation of from 10.5 to 10.9% for the batches of Hybrid 1, and from 9.6 to 10.0% for the batches of Hybrid 2. According to Tekrony (2003) , uniformity in moisture content between batches is important for getting Source: McDonald et al., 2008 consistent results when evaluating the physiological potential of seeds.
The results from the characterisation of the 9 batches of Hybrid 1 are shown in Table 2 . It can be seen that germination for these batches was over 92%. However, the germination test made it possible to classify the nine batches into two levels of physiological potential, with batches 4, 5 and 6 showing the highest values for germination. The results for vigour in batches of this hybrid using tests of accelerated ageing, cold and seedling emergence were greater than 85%, which is the minimum standard established for germination in commercial batches of maize seeds (BRASIL, 2013).
All the vigour tests used in characterisation identified differences in vigour among the nine batches, with lots 4, 5 and 6 standing out as being of superior vigour, except in the test for seedling emergence at 30 °C, where there was no separation into levels of vigour for any of the batches. Hybrid 1 displays high-performance characteristics in the field under high temperature conditions, and suggestions by the production company of the ideal region for sowing the hybrid includes areas of higher ambient temperature. These characteristics may explain why the test of seedling emergence at 30 °C did not detect any differences in emergence among the 9 batches. According to Tekrony, Egli and Wickham (1989) , under ideal conditions of germination, vigour does not affect emergence in batches of maize seed.
The vigour tests involving germination speed separated the nine batches of Hybrid 1 into different levels of vigour (Table 2 ). However, there was variation in batch 1997) , the more homogeneous batches are the more vigorous. As the process of determination takes place, the individual variation between the seeds increases.
In characterising the nine batches of Hybrid 2, described in Table 3 , variation can be seen in the classification of the batches into levels of physiological potential by the tests employed. Performance of the batches can vary between tests for physiological seed evaluation, since these tests assess different characteristics. Similar results were obtained by Caliari e Silva (2001) and Fessel et al. (2003) , who found differences in the performance of batches of maize seeds, which depended on the vigour tests used in evaluating the physiological potential.
With the test for germination it was possible to classify the batches into two levels of physiological potential, with batches B and C showing lower germination rates than the other batches. The low germination of these batches was primarily due to the high number of seedlings infected by fungi. However, it can be seen that this did not happen in the tests for seedling emergence. The temperatures used in the tests for seedling emergence are probably ideal for germination in the seeds of Hybrid 2. According to Pinho et al. (1995) , under ideal conditions for germination, the seedlings emerge quickly, escaping the action of pathogens present in the seeds, however the Image analysis in the evaluation of the physiological potential of maize seeds With the cold test it was possible to detect that batches D, E and F are of a lower physiological potential than the other batches. In the accelerated ageing test, in addition to these three batches, lots G, H and I were also classified as having low vigour. The accelerated ageing test was more sensitive in identifying low vigour in batches of this maize hybrid. However, both in the cold and accelerated ageing tests, batches A, B and C were superior to batches D, E and F. 
Automatic calibration
After the capture and initial analysis of the seedling images, automatic calibration using SAS was carried out for each hybrid. Batches 5, 7 and 8 were randomly selected for Calibration 1 (Hybrid 1), and lots A, F and I for Calibration 2 (Hybrid 2). Calibration was performed based on the results of the cold test: 95, 88, and 86% for batches 5, 7, 8, and 94, 80 and 93% for batches A, F and I respectively. The weights of the formulas for calculating the vigour index, which were obtained by automatic calibration using SAS, are shown in Table 4 . Table 4 -Weights of the parameters of the formula for vigour, generated by automatic calibration using SAS, UFLA, Lavras, MG, Brazil, 2014 The efficiency of the calibration was verified by comparing the cold test results with the vigour index obtained automatically using SAS. Proximity of the cold test values to the vigour index calculated using SAS can be seen in the batches selected for calibration of Hybrid 1 (a) and Hybrid 2 (b), with Calibration 1 displaying hits of 98.4% and Calibration 2 of 96.9%.
Image Analysis
After defining the weights of the formulas for automatic calculation of the vigour index, reanalysis of the images was carried out in two ways: the first using the weights defined in automatic calibration using SAS, where the calculated vigour index was designated "automatic"; and the second using the weights of the formula for vigour as set by the method employing the SVIS equipment (Table 1) , designated "manual", with weights of 70% for growth and 30% for uniformity.
With Hybrid 1, the methods used for image analysis affected the nine batches in a similar way for the variables analysed by the SAS, except for mean root length, where variation in batches 4, 5, 6, 7 and 8 depended on the method used for evaluation (Table 5) . In general for these five batches, greater root growth was seen in the methods using no NWF and with correction. This indicates that the use of blue NWF as a way of improving colour contrast between the maize roots and the substrate may be unnecessary.
For most of the batches image correction had no effect on the results, indicating the efficiency of the SAS equipment in identifying the roots of the maize seedlings, and reducing the time required to get the *Means followed by the same lowercase letter in a column and uppercase letter on a line do not differ by Scott-Knott test at a significance level of 5% results of image analysis with this equipment. Teixeira, Cícero and Dourado Neto (2006) , using a processing routine of the "Scil-Image" software for analysis of digital seedling images, found that the digital method makes refined dimensional analysis feasible, with the possibility of adjusting the procedure for seedling analysis in maize and in other species.
It can also be seen in Table 5 that for the four methods of image analysis used, batches 4, 5 and 6 were Image analysis in the evaluation of the physiological potential of maize seeds classified as of high vigour using the variable of mean root length. In a similar way, this was also observed in the results obtained when characterising the batches of Hybrid 1. From these results it is possible to state that mean seedling root length was an effective parameter in the evaluation of vigour in maize. Comparable results were obtained by Coimbra et al. (2009) , who assessed the efficiency of different vigour tests in the evaluation of physiological quality in seeds of sweet corn.
From the results of mean seedling length, it was also possible to classify batches 4, 5 and 6 as being of greater vigour than the other batches (Table 6 ). Similar results were obtained when classifying the nine batches of Hybrid 1 by traditional tests (Table 2) , as observed for the variable, mean root length. Initial seedling length in this maize hybrid is therefore directly related to seed vigour; this also being reported by Mondo et al. (2013) , who evaluated the effect of seed vigour on initial growth in maize seedlings.
For Hybrid 1, and using the results for mean coleoptile length, it was only possible to identify batches 1 and 3 as being of low vigour; this variable being less sensitive than mean root length in identifying differences in seed vigour in batches of this hybrid. This may have happened because the nine batches of Hybrid 1 showed high seed vigour, which results in greater uniformity of *Means followed by the same letter in a column do not differ by Scott-Knott test at a significance level of 5% Table 6 -Image analysis of maize seedlings from the nine batches of Hybrid 1 using SAS: mean and total coleoptile length for the seedling, Automatic Vigour index (VA), Manual Vigour index (VM), Uniformity index (U) and Growth index (C ), UFLA, Lavras, MG, Brazil, 2014 Engli and Rucker (2012) , seeds with high vigour present greater uniformity of seedling emergence. Thus for Hybrid 1, initial growth of the roots is more related to seed vigour in the hybrid than to initial growth of the seedling shoots.
From the automatic vigour index, manual vigour index and growth index, it was possible to classify batches 4, 5 and 6 of Hybrid 1 as being of high vigour; this classification being compatible with those obtained from the vigour tests used when characterising the batches (Table 2 ). Image analysis of maize seedlings by the SAS equipment was efficient in detecting differences in the vigour of batches of seeds from hybrid 1, in a similar way to the tests of accelerated ageing, cold, first count, seedling emergence at 25 °C and to the emergence index of seedlings at 25 and 30 °C.
In studies, such as those of Alvarenga, Marcos Filho and Gomes Júnior (2012) with seeds of sweet corn, and Otoni and McDonald (2005) with seeds of common maize, it was possible to verify the efficiency of image analysis of seedlings in the evaluation of vigour using image analysis.
The uniformity index provided by the SAS, was not in itself an effective tool in evaluating the vigour of the nine batches of seeds of hybrid 1, since it resulted in different classifications from that seen in the traditional Table 7 -Image analysis of maize seedlings from Hybrid 1 for the different methods of seedling image analysis using SAS: mean and total coleoptile length for the seedling, Automatic Vigour index (VA), Manual Vigour index (VM), Uniformity index (U) and Growth index (C ), UFLA, Lavras, MG, Brazil, 2014 Method of Image The use of blue NWF had a negative influence on the values for mean coleoptile and seedling lengths, and on the values for the manual vigour index and growth index (Table 7) . Correction of part of the seedlings in the images did not change the results for most of the variables analysed using SAS. It can be seen therefore that there is no need for correction of the images analysed using the SAS equipment, with the possibility of reducing the time taken for completion of the process of image analysis.
For Hybrid 2, the methods of image analysis had a similar influence on all the variables analysed using SAS for the nine batches of maize seeds (Table 8 ). There was wide variation between the results using SAS in the classification of the nine batches of this hybrid, however this was also seen in the results of the tests used in characterising the batches (Table 3) .
With the results for mean coleoptile length, it was possible to classify batches D, E and F as being of low vigour; this result also being seen in the accelerated ageing and cold tests. As noted above, initial growth in the seedlings is directly related to the vigour of the maize seeds (MONDO et al., 2013) . However, the results of the classification of the nine batches using the parameter of mean root length showed no similarities with the classification of vigour using tests evaluated when characterising the batches of Hybrid 2. Mean coleoptile length was more efficient in identifying vigour in the batches compared to mean root length, indicating that for this hybrid, growth of the shoots is related more to seed vigour than to the roots.
From the automatic vigour index it was possible to classify batches D, E and F as being of low vigour, and batches A, B and C as being of high vigour (Table 8) ; this classification being similar to those obtained with the accelerated ageing and cold tests (Table 3 ). The similarity of the results for the automatic vigour index to the results obtained with the cold test, show that the automatic calibration of the formula for vigour index using SAS was efficient, seeing as how the results of the cold test were used for the calibration.
The direct relationship of the cold test results to the automatic vigour index provided by the SAS is an important result for use of this equipment in evaluating the vigour of maize seeds. According to Noli et al. (2008) , the cold test is that most used by maize-producing industries in evaluating the vigour of seed batches, however the test takes 14 days to get results, whereas analysis of seedling images using SAS requires only three days.
For Hybrid 2, the NWF influenced most values of the parameters under evaluation using SAS, however correction of the seedling images did not affect these results (Table 9 ). There is therefore no need for the use of colour in the substrate, nor for correction of the images of maize seedlings analysed by SAS.
Despite the differences found in the analyses of the two hybrids under evaluation -small adjustments related to the different behaviour of the genetic material as regards seedling growth -the SAS equipment can be considered promising in a quick and accurate evaluation of vigour in batches of maize seeds.
Image analysis in the evaluation of the physiological potential of maize seeds *Means followed by the same letter in a column do not differ by Scott-Knott test at a significance level of 5% Table 8 -Image analysis of maize seedlings from the nine batches of Hybrid 1 using SAS: mean coleoptile and root length and total length for the seedling, Automatic Vigour index (VA), Manual Vigour index (VM), Uniformity index (U) and Growth index (C ), UFLA, Lavras, MG, Brazil, 2014
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CONCLUSIONS
1. According to the methodologies for the analysis of seedling images studied in this research, the appropriate methodology to evaluate the physiological potential of maize seeds is to use seedlings obtained from sowing on white paper towel, at a temperature of 25 °C and with evaluation on the third day. Analysis of the image should be performed using the SAS equipment with automatic calibration, without the need to correct the seedling images;
2. Analysis of seedling images using SAS equipment is a potential tool in the evaluation of the physiological quality of maize seeds. 
